INTRODUCTION
Despite recent technological advances in the methods available to biologists to measure the behaviour of marine fish in their natural environment (e.g. Pittman & McAlpine 2003 , Metcalfe et al. 2008b , the varying seasonal behaviour patterns of individual species across their distribution ranges remain enigmatic. Many commercially exploited fish species follow extensive annual migration circuits which are often contained within oceanic circulation systems (Metcalfe et al. 2002) . Such migrations can occur either at the oceanic level using ocean currents (e.g. Block et al. 2005) , or more locally on the continental shelves using the tides (e.g. Metcalfe et al. 2006) ; this allows fish to minimise the energetic costs associated with largescale migration through the use of environmental transport systems, a technique also employed by taxa as diverse as insects (e.g. Brower 1995) and birds (e.g.
Alerstam 2006).
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Resale or republication not permitted without written consent of the publisher porting eggs and larval plaice onto the coastal nursery grounds. The developing juvenile fish then maintain their position in the inter-tidal zone by adopting a system of tidal transport, allowing the fish to make feeding excursions onto the mud flats during times of high water (Kuipers 1973) , then retreating below the lowwater mark before the expected time of low tide.
In areas of fast-flowing tidal currents, adult plaice are known to adopt activity patterns in phase with the tidal currents (Hunter et al. 2004c) . During autumn and winter for example, southward-migrating plaice in the southern North Sea leave the seabed during southflowing tides; they then swim directly down-tide until the time of slack water (Buckley & Arnold 2001) , at which time they return to the seabed where they remain for the duration of the north-flowing tide. This behaviour is then repeated; a pattern of activity termed selective tidal stream transport (STST: Weihs 1978), which allows rapid and efficient movement between geographically distant feeding and spawning areas (Metcalfe et al. 1990 ). Conversely, on the feeding and spawning grounds, plaice often swim only at night (Hunter et al. 2004c) ; as the day-night cycle is out of phase with the tidal cycle, it has been proposed that this activity pattern leads to a random distribution of the fish around the spawning and feeding areas (Harden Jones et al. 1979 , Arnold 1981 .
Although continuous electronic data storage tag (DST) behaviour records of migrating adult females have clearly linked STST to the pre-spawning and post-spawning migrations of plaice in areas of fastflowing tidal currents (Hunter et al. 2004c) , plaice form at least 3 major feeding aggregations throughout the North Sea during the summer (Hunter et al. 2004b ): these are located in the western, eastern, and central northern North Sea. While the eastern aggregation is also located near a fast-flowing tidal stream, the northern aggregation is located in an area of slow-flowing tidal currents where it is predicted that most plaice would be unable to gain any energetic advantage by using the tidal streams to migrate (Metcalfe et al. 1990 ). The behaviour of plaice in both of these areas has received much less attention, and previous studies have assumed that migration in the central northern North Sea has been achieved by directed swimming across the sea bed, as opposed to swimming in midwater (Hunter et al. 2003) .
These behaviours have important implications for the assessment of marine fish stocks, particularly for seabed dwelling species such as plaice (e.g. Casey & Myers 1998 , Benoit & Swain 2003 . The application of technical conservation measures (designed to protect against over-exploitation) frequently make assumptions concerning availability and catchability which cannot be validated (Kell & Fromentin 2007) ; additionally, assumptions about the rates, scales and timing of horizontal and vertical movements are largely untested (Bjørndal et al. 2004) . Variation in any of these factors can significantly affect abundance estimates derived from trawl-based and sonar-based surveys (Aglen et al. 1999) . For example, not only is movement of fish between stock management areas considered to be negligible (Kell et al. 2004 ), but the availability of fish to capture by fishing vessels is also generally assumed to be constant throughout the year. For many species this assumption is unlikely to be true (e.g. Poos & Rijnsdorp 2007) since many studies have shown the activity levels of individual fish to be linked to the annual reproductive cycle (e.g. Michalsen et al. 1996 , Nichol & Somerton 2002 , Hobson et al. 2007 .
In this study we used data from free-swimming mature female plaice; tagged with DSTs and released at a variety of sites with contrasting tidal properties across the North Sea to quantify (1) the total amount of time spent swimming in mid-water, and (2) spatial and temporal variation in patterns of mid-water swimming. The study was designed to determine whether plaice from areas with differing tidal characteristics varied the amount of time spent swimming in mid-water at different times of year, and whether differences in the timing of the swimming episodes could be detected.
It was predicted that fish in the western North Sea (where tidal currents are fast and have predominantly bidirectional tidal flow patterns) would exhibit more time swimming in mid-water during periods of migration than plaice in the northern North Sea (where tidal currents are slower, and therefore provide less energetic advantage to the fish). Furthermore, it was predicted that behaviour patterns consistent with STST behaviour would not be observed in migrating northern plaice. The results of this study have important implications for the overall understanding of the energetics of migration, and for predicting the availability of fish for capture by commercial and survey vessels.
MATERIALS AND METHODS
Release of plaice tagged with electronic data storage tags. The analyses draw on data from 2 major field programmes targeting mature female plaice in the North Sea; the first of these programmes released 302 fish tagged with DST1s (Cefas Mk-1 DSTs) between 1993 and 1997 (Hunter et al. 2004a) , while the second programme released 452 plaice tagged with DST3s (Lotek-1200 DSTs, Lotek) between 1997 and 2000 (Hunter et al. 2004b) .
The DST1 was the first mass-produced DST (Metcalfe & Arnold 1997) and was designed specifically for use with flatfish, with a smooth hemispherical profile and a flat base to sit flush on the flank of the fish (Metcalfe & Arnold 1998). The DST1s were larger and heavier (23 g in seawater, 55 g in air) than the DST3s (2 g in water, 16 g in air), and hence were attached to larger fish (minimum size = 40 cm TL [total length], compared with 35 cm TL). Using Bannister's (1978) length/weight relationship for North Sea plaice [weight (g) = 0.00892 length (cm 3 )], the DST1 in air represents at most 9.6% of the total mass of a 40 cm TL plaice (compared with 0.04% for a 35 cm TL plaice tagged with a DST3).
The DST1s also had a shorter recording lifetime than the DST3s (maximum of 222 d compared with ~18 mo). All tags were programmed to record depth (pressure) at 10 min intervals, and were returned through the commercial fishery.
The only other difference in methodology between the 2 release programmes was that fish in the DST1 programme were returned to the laboratory aquarium in Lowestoft (UK) following initial capture; they remained in the laboratory for 43 ± 20 d before tagging and release at sea to allow recovery from any effects of capture. By contrast, all DST3-tagged plaice were tagged and released at sea, usually within 30 min of initial capture.
The 2 DSTs represent part of an evolving programme of research that was undertaken over a full decade; hence the DST1 was both larger and heavier than would be desirable by current technological standards, and significantly heavier than the '2% tag/ bodymass rule of thumb' cited by Winter (1996) . Consequently it has not been possible to standardise the physical and methodological differences between the 2 programmes. However Jepsen et al. (2005) note that recommendations on maximum ratios are often experimentally unfounded statements; in a brief review they cite several studies (e.g. Brown et al. 1999 , Perry et al. 2001 in which fish with tags, representing up to 12% of body mass, appeared to be unaffected by the tags, at least in terms of the variable being measured. For the purposes of the current work, tag and tagging effects cannot be discounted when evaluating the results of the analyses described; however both DST1 and DST3 tagged plaice recorded full migrations, often over hundreds of kilometers.
Tagged plaice were released in areas of average tidal current velocities ranging from slow to fast (Fig. 1) . However, for the purposes of the current study individual fish were grouped according to membership of the 3 population sub-units identified by Hunter et al. (2004b) : western, northern and eastern feeding aggregations ( Fig. 1) .
Data download and processing. Raw data were converted into depth (m) and temperature (°C). From each activity record, the first 2 days of data were removed as a precaution to eliminate behavioural alteration caused by tagging; incomplete days at the end of tag records were additionally removed. In order to avoid the rise and fall of the tide being falsely interpreted as depth transitions, changes of ≥3 m between successive 10 min measurements were assumed to indicate transition from on-bottom to mid-water swimming (Hunter et al. 2004c ); this approach was further complemented by the swimming behaviour of plaice, which tend to swim up into mid-water for protracted bursts of activity (Greer-Walker et al. 1978 ) using 'burst and glide' locomotion (Priede & Holliday 1980) . This gauge was used to convert the depth record into a binary file of activity, or 'swimming' (= 1) versus inactivity (resting on seabed, = 0). The total daily time spent swimming was then calculated for each fish as a percentage.
Analysis of swimming times. For each tagged fish, the mean daily time in mid-water was calculated by location in the sea and by month. It was assumed that the monthly swimming patterns were consistent across years, therefore annual means were not calculated separately. Initial exploration of the right-skewed data indicated a requirement for data normalization, there- fore a 4th root transformation of mean daily swimming time was applied based on the method of Box & Cox (1964 , as described in Venables & Ripley 2002 , to satisfy the criteria for ANOVA. The 4th root transformation reduces the effect of large observations and focuses the analysis on the smaller values that made up the majority of the dataset. An analysis of variance was then performed with the factors Month, Area (=Sub-unit) and Tag-type. Both the DST1 and DST3 experiments were conducted with a series of batch releases, and it was therefore possible to apply ANOVA to further test for differences between batches, areas and tag-types.
Analysis of swimming patterns. A cycle-length frequency analysis was used in order to look at patterns of swimming activity. Cycle-length was determined using only data records of ≥1 mo duration to avoid bias towards short cycle lengths. Because most fish were released in the winter months, fewer data were available during the summer.
Very short periods of swimming activity (defined as isolated 0s and 1s in the 10-min-interval time series) were considered to be noise in the data, and their state was therefore changed (e.g. 101 became 111 and 010 became 000). Periods, defined as the length of time each individual remained in a particular state (i.e. persisted in swimming or resting), were determined for each record by counting the number of consecutive values before a state change. A cycle was then defined as one rest period followed by one swimming period.
The frequencies of all cycles summed over all records were calculated, and a smoothed curve was drawn through the data points. This curve was created using a weighted central moving average filter, weighted 1/9, 2/9, 3/9, 2/9, 1/9; that is: each data point was replaced by the sum of 1/9th of the data point 2 steps to the left + 2/9th of the data point one step to the left + 3/9 of itself + 2/9th of the data point one step to the right + 1/9th of the data point 2 steps to the right. Analyses were carried out using unsmoothed data. At longer time scales, cycle lengths were grouped into intervals created by rounding the logarithm of the cycle length to the nearest 0.05 so that longer cycles appeared in wider intervals.
To quantify seasonal variation, the data were divided into monthly groups. A quantitative analysis of the change in cycle length was computed by pair-wise Wilcoxon tests using the method of correction of Benjamini & Yekutieli (2001) .
To compare variation in the level of tidal behaviour, the number of cycles over the months October-March inclusive was counted for each record, and the fraction of cycles that were tidal (defined in this instance to be cycles of length 7.5 to 17.5 h) was determined. Oneway ANOVA was used to detect significant differences in tidal activity between subunits; pair-wise Wilcoxon tests (using Benjamini-Yekutieli adjustment) were used to determine which feeding groups the differences lay between.
RESULTS

Return of tagged plaice
Data were available from 139 returned tags (34 DST1s, 105 DST3s). From an estimated total of 27 140 days at liberty, the returned DSTs recorded 19 182 d of fish behaviour data (71%), with individual data records ranging from 2 to 511 d. The total number of days of data by tag type, subunit and month are presented in Table 1 .
Analysis of swimming times
The box-plots in Fig. 2 Tag-type = DST3  1  438  1673  284  2  306  1108  287  3  310  1022  438  4  284  741  324  5  222  599  287  6  182  474  194  7  154  385  186  8  93  372  174  9  70  302  164  10  81  458  357  11  495  933  362  12  554  1812  355   Table 1 . Pleuronectes platessa. Number of days of plaice activity data by tag-type (DST1, DST3), area and month swimming per day. Average swimming times in excess of 5 h per day were observed only for DST1 West fish during the months of December and January. Very little time was spent swimming in mid-water during the summer months, when few fish left the sea-bed at all. Both the plot (Fig. 2) and the ANOVA of 4th root mean daily swimming times (with non-significant interactions removed) show differences between the DST1 (West area only) and the DST3 (all areas) mean swimming times (Tag-type, p = 1.965e-12), with higher swimming times for DST1 tagged fish (West only); this was most pronounced in December and January (Month, p < 2.2e-16). The Area effect was not statistically significant (p = 0.067). A further analysis using only the DST3 data also found no significant difference between areas (p = 0.075), with the means of the transformed swimming times slightly higher in the East area, followed by West then North.
The individual release batches and number of tags returned with data in each batch are shown in Table 2 . It was possible to compare the DST1 West batches, the DST3 North batches and the DST3 West batches. ANOVA indicated differences among DST3 North batches (p > 0.001) and among DST3 West batches (p > 0.001), but not among the DST1 West batches (p = 0.175). For DST3 North, batch 3.1 had lower mean swim times than the other batches. For DST3 West, batch 3.5 had slightly lower swim times than batch 3.4, and the tag in batch 3.8 had a higher swim time than the other batches. 
Analysis of swimming patterns
Monthly sample sizes ranged from n = 73 fish in February to n = 19 fish in September. The frequencies of cycle lengths detected within the sampled population are shown in Fig. 3 . The peak at 12.5 h denotes tidal periodicity, while peaks at 24 h and 48 h denote diel and bi-diel activity respectively. Note that bi-diel activity is swimming for part of one day, then resting for the remainder of that day and all the following day, before swimming again, and is not, therefore, a harmonic repeat of diel behaviour. There also appears to be an excess of cycles close to 72 and 96 h, indicating swimming every third or 4th day, however there was insufficient data at higher cycles to discriminate from background noise in the data.
The relationship between swim period and rest period for all records is shown in Fig. 4 . The almost unbroken horizontal lines near the bottom of Fig. 4 show that short swim periods (up to 3 h) occurred paired with rest periods of all lengths. By contrast, longer swim periods occurred more as part of tidal, diel (and to a lesser extent multi-diel) cycles.
Treating the population as a whole, the significance of differences between cycle lengths by month is shown in Fig. 5 . Consecutive months with non-significantly different cycle lengths divided the year into roughly 4 groupings; December-February; March; April-September; and October-November. These groups match approximately with the known seasonal behaviours of spawning, post-spawning migration, summer feeding, and pre-spawning migration.
When the data were split according to the 3 geographically discrete feeding aggregations (Fig. 6) ; 1-way ANOVA revealed a significant (at 95% confidence) difference between these (F = 3.427; p = 0.037). The results of pair-wise Wilcoxon tests revealed that northern area plaice demonstrated significantly lower levels of tidal activity than western area plaice (p = 0.018). Levels of tidal activity were not significantly different between northern and eastern (p = 0.606), or western and eastern subunits (p = 0.252). Diel cycles occurred throughout the year, in all subunits (Fig. 6) . By contrast, tidal cycles mainly occurred during the periods of migration, and the duration of tidal swimming varied between subunits (Northern: December-February; Western: October-February; Eastern: OctoberMarch).
DISCUSSION
Spatial and temporal variations in swimming activity of plaice in the North Sea were examined in relation to the propensity of these fish to migrate using the tidal currents. As predicted, the fish spent most time swimming in mid-water during the time of expected migration and spawning. However, with the exception of the fish tagged with the older and larger data storage tags (DST1s), a comparison of the average amount of time spent swimming by plaice in the different areas showed no significant difference between the groups. This was unexpected, as it had been predicted that those fish not displaying selective tidal stream transport (STST) would make directed movement across the sea-bed, with little or no requirement for swimming into mid-water.
Analysis of the timing of swimming periods versus rest periods (based on cycle length frequency) successfully identified repeated patterns of behaviour. Tidal patterns of activity were identified in plaice from the northern subunit, albeit at a significantly lower frequency than eastern and western area plaice; this was surprising because here the tidal currents are insufficiently strong to allow the efficient use of STST. Tidal cycles of activity occurred predominantly during migration in all 3 groups.
Spatial variation in swimming activity
The results confirm previous observations: that swimming in mid-water by plaice is a behaviour associated with the annual spawning migration (Greer Walker et al. 1978 , Arnold & Metcalfe 1996 , Hunter et al. 2004c , with very few fish leaving the sea-bed during the summer months. Although there was no statistically significant Fig. 5 . Pleuronectes platessa. Significant differences in seasonal cycle lengths in North Sea plaice, identified using pairwise Wilcoxon tests. Light grey: not significantly different, dark grey: significant at 95%, black: significant at 99% difference associated with swimming times between the 3 population subunits, the transformed swimming times were marginally higher in the East, followed by West then North. There was, however, a clear effect of tagtype, and a significant difference between the swimming times of DST1 West and DST3 West fish. Although the minimum size of DST1 tagged fish was larger (40 cm as opposed to 35 cm), it seems unlikely that this would account for any behavioural difference, since the average size of the tagged fish that were returned by the fishery was similar (43.8 ± 4.7 cm for DST1 compared with 40.3 ± 3.9 for DST3s). Following experimental work looking at the effects of drag on acoustically tagged plaice, Arnold & Holford (1978) suggested that the additional mass of the tag on negatively buoyant plaice may actually lower energy expenditure by aiding station holding on the sea-bed in a current of a given speed, and may also reduce work against the lift force exerted by the current. However, it is noted that the DST1 was both significantly heavier (the acoustic tags weighed 8.3 g in air), and also had a different shape (Metcalfe & Arnold 1998) , being streamlined and flush against the fish, rather than being trailed. Furthermore, there seems no obvious basis to explain why the brief duration that DST1 fish were kept in captivity could be responsible for increased long-term activity levels following the return of the tagged fish to the wild.
Most of the DST1 West fish were released during December-January at Smith's Knoll where, with an average tidal velocity of approximately 60 cm s -1 , all of the tagged fish should have been readily able to use STST (Metcalfe et al. 1990 ). Batch 3.4 was also released at Smith's Knoll, but these fish were released in February (towards the end of the migration season), when most fish were returning to their summer feeding areas; only 2 of those fish recorded data all the way through to migration the following season.
The use of the different tags and methodologies employed cannot be discounted as being responsible for the differences observed; however it is suggested that the lower swimming times observed for the DST3 West fish were more likely due to lack of replication in the very fast flowing tidal currents at the time of peak migration (Hunter et al. 2004c ). This observation is supported by the between-batch analysis for the western fish; this suggests a N-S gradient in the total number of hours spent in mid-water, with the more northern of the West releases spending least time in mid-water. This would also correlate with the decreasing strength of the western tidal stream on moving northwards (Fig. 1) . The above explanation further suggests that the average swimming times for western DST3 plaice may be under-estimated, which would help to explain why no significant area effect was observed. The highest average DST3 swimming times were in fact observed in the East group, which also occur in an area adjacent to a fast-flowing tidal stream, although the tidal currents on the Continental coast are slower than those in the Southern Bight and English Channel (Huntley 1980) .
The observation of significant levels of mid-water swimming by migrating northern plaice is surprising, not only because the tidal currents in the central North Sea are insufficiently strong to permit efficient STST (< 10 cm s -1
), but because they also flow along a predominantly E-W axis and therefore provide neither transport nor guidance to the more southerly located spawning grounds (Harding et al. 1978) . This suggests that swimming in itself also forms an important component in pre-spawning and post-spawning behaviour in addition to transport.
Previous observations of plaice crossing Dogger Bank Tail End (a submarine bank which bisects the route of northern plaice between feeding grounds and spawning areas), has shown highly synchronous activity in migrating plaice, and a much more protracted pre-spawning than post-spawning migration (Hunter et al. 2003) . It is therefore conceivable that swimming activity forms a component of social behaviour and mate choice (Solmundsson et al. 2003) . Since the northern fish must find their spawning areas without the assistance of tidal streams, swimming may also be necessary for navigation by allowing orientation to external cues e.g. geophysical cues (Metcalfe et al. 1993) .
Cycle length frequencies
As in previous studies of both aquarium-held adult plaice (Page 1997 ) and of free-swimming DST1-tagged plaice in the southern North Sea (Hunter et al. 2004c ), clearly defined vertical activity patterns were observed throughout the North Sea. These included diel and tidal patterns of activity, previously observed to dominate the activity rhythms of plaice in the southern North Sea (Hunter et al. 2004c ). However, evidence was also found of repeated multi-diel patterns of behavior; these varied in prevalence throughout the year, and between geographical subunits. However, no visible peak occurred at 336 h (14 d), (ln 336 = 5.82; bin range is 330.3-347.2 h), suggesting that the significant 14 d spring-neap tidal behaviour (using averaged whole population data) reported by Hunter et al. (2004c) was an artefact of multiple recorded cycles.
Behavioural and physiological drivers behind the newly observed behaviours are not immediately apparent. Peaks were also visible in the log-binned plot near 72 and 96 h, suggesting tri-diel and quad-diel behaviour. These behaviours are therefore not repeated diel activity patterns, but consist of swimming activity on every 3rd or 4th day; results from this study suggest that diel patterns are not always repeated mechanistically, and that migrating fish do not always swim on a daily basis.
While mid-water swimming as a feature of the migration in northern area plaice was not expected, neither was the occurrence of modest tidal periodicity. Plaice are exposed to tidal cycles from the time of hatching onwards; juvenile fish use these to cue their daily movements in the shallow inter-tidal zone (see review by Gibson 1997) , and adult fish take advantage of them through the use of STST in fast-flowing tidal currents (Metcalfe et al. 2006) . Tidal patterns of activity in this instance may provide evidence that entrainment to tidal periodicity is carried over from juvenile into adult life (Gibson 1982) .
Many previous studies in fish vertical activity (swimming) have considered patterns in depth, rather than the simplified rest-swim series used here (e.g. Arnold et al. 1994 , Pálsson & Thorsteinsson 2003 . By using rest-swim series, environmental variation over a wide geographical range was removed, thus standardising the behaviour observed over the sample population; the data suggest that the modal cycle frequency is a good indicator of the dominant behaviour throughout the year (Fig. 2) .
The observed seasonal variation in plaice swimming behaviour has parallels with seasonally-linked behaviours described for North Sea cod (Hobson et al. 2007) , based on an analysis of skewness in continuous cod DST depth data with respect to time spent on the seabed. Cod DST data have also recently been successfully analysed using wavelet analysis (Subbey et al. 2008) . However, standard wavelet theory and spectral analysis deals with continuous response variables (such as fish depth), and is therefore inappropriate for the binary rest-swim time series used here. While wavelet theory can be adapted to binary data (e.g. Swanson & Tewfik 1996) , since the rest-swim series described already contains exact cycle lengths, it is suspected that this approach would do little to enhance understanding (and prediction) of seasonal variation in cyclic swimming behaviour by plaice.
Implications for conservation and assessment
The total amount of time seabed dwelling fish spend swimming in mid-water (versus the total amount of time spent resting on the sea-bed) significantly affects their availability to the different gear types deployed by commercial fishing and biological survey vessels (Aglen et al. 1999) . For many species, time spent swimming in mid-water will be influenced by size, maturity stage, time of year; sometimes also by physical characteristics of the environment, including substrate type and water currents (Metcalfe et al. 2008a) .
The results from the current study provide one of few examples where the behaviour of a fish stock has been recorded across a large part of its overall geographical range (and hence its principal fishery), and throughout all seasons of the year. DST studies of plaice have already largely confirmed the observations from acoustic-tracking and mid-water trawling experiments made at specific locations at particular times of year (e.g. Greer Walker et al. 1978 , Arnold & Metcalfe 1996 , and have also provided insights into migration (Metcalfe & Arnold 1997 , Hunter et al. 2004a ), distribution (Hunter et al. 2004b ) and reproductive behaviour (Hunter et al. 2003 , Solmundsson et al. 2003 . This work now allows the characterisation of swimming times and patterns of activity across the North Sea for the first time.
The observation that very few plaice left the seabed during the summer months reinforces previous findings concerning efficiency of trawl surveys (Hunter et al. 2004c) . Plaice are mostly caught by beam trawl (Poos & Rijnsdorp 2007) when the fish are located on the sea-bed. It can therefore be inferred that the most appropriate time to survey these fish to maximise catch would be during the months of May-August; restricting fishing effort to daytime trawls would also help, given that most swimming activity occurs nocturnally (Hunter et al. 2004c ). The high cost of sea-going research currently dictates that most surveys are undertaken around the clock, and at present the English ground fish survey (which surveys using beamtrawl gear) is carried out during August/September. It is therefore probable that a small but varying proportion of the stock will not be available to survey, particularly during September when the fish start to migrate. Although this figure is unlikely to be more than 5% based on current observations, the effect could be more pronounced where activity is triggered (e.g. by the onset of darkness).
These data also have a direct application in the development of individual-based plaice migration models, which aim to assess the potential impacts of proposed management measures such as closed areas or seasons (Baum et al. 2003) . Although the parameterisation of biologically realistic fisheries models is inherently compromised by the quality of the data available (Machiels et al. 2006) , the results from studies using DSTs not only provide an accurate estimation of rates of fish migration (Kell et al. 2004 ), but such models can be much more finely tuned to the availability of fish to capture by the incorporation of spatial and temporal distribution of swimming activity indices.
CONCLUSIONS
The results describe spatial and temporal differences in the swimming activity of plaice across the North Sea. Off-bottom swimming and tidal activity were most pronounced in (but not exclusive to) areas of fast-flowing tidal currents, and were observed more frequently during times of migration and reproduction. A cyclelength analysis divided the year into 4 blocks of activity that closely corresponded with described seasonal behaviours. Since the approach described is largely generic, it may be applied to any species exhibiting rest-swim cycles of activity, and may prove a useful tool for describing behaviour in other sea-bed dwelling species. 
